We have previously reported that mGluR5 signaling via PLC-␤1 regulates the development of whisker patterns within S1 (barrel) cortex of mice (Hannan et al., 2001 ). However, whether these defects arise from the loss of postsynaptic mGluR5 signaling, and whether the level of mGluR5 is important for barrel formation, was not examined. Furthermore, whether mGluR5 regulates other developmental processes that occur before or after barrel development is not known. We now show that mGluR5 is present postsynaptically at thalamocortical synapses during barrel formation. In addition, Mglur5 ϩ/ Ϫ mice exhibit normal TCA patch formation but reduced cellular segregation in layer 4, indicating a dose-dependent role for mGluR5 in the regulation of pattern formation. Furthermore Mglur5 Ϫ/Ϫ and Mglur5 ϩ/ Ϫ mice display normal cortical arealization, layer formation, and size of PMBSF indicating the defects within S1 do not result from general abnormalities of cortical mapping during earlier stages of development. At P21 layer 4 neurons from Mglur5 Ϫ/Ϫ and Mglur5 ϩ/ Ϫ mice show a significant reduction in spine density but normal dendritic complexity compared with Mglur5 ϩ/ϩ mice indicating a role in synaptogenesis during cortical development. Finally, mGluR5 regulates pattern formation throughout the trigeminal system of mice as the representation of the AS whiskers in the PrV, VpM, and S1 cortex was disrupted in Mglur5 Ϫ/Ϫ mice. Together these data indicate a key role for mGluR5 at both early and late stages of neuronal development in the trigeminal system of mice.
Introduction
Synaptic activity regulates numerous aspects of neuronal development including early pattern formation in developing sensory areas, neuronal morphology, and changes in synaptic efficacy that underlie experience-dependent plasticity. Whether synaptic activity is initiated by spontaneous neuronal activity, experience, or even spontaneous release of neurotransmitter, glutamate receptors and their associated signaling pathways are key to initiating activity-dependent alterations in neuronal phenotype.
The primary somatosensory cortex (S1) of rodents provides an excellent model for investigating the cellular mechanisms that regulate glutamate-dependent development (Erzurumlu and Kind, 2001; Kind and Neumann, 2001; Barnett et al., 2006a) because of its well characterized cytoarchitectonic units known as "barrels" that recapitulate the pattern of whiskers on the rodent face-pad (Woosley and Van der Loos, 1970; Killackey and Belford, 1979) . There are three key anatomical events that take place in the formation of a barrel: thalamocortical axons (TCAs) segregate into discrete barrel-like bundles in layer 4 (Rebsam et al., 2002) , layer 4 neurons translocate to form a cell-dense barrel wall and a cell-sparse barrel hollow, and dendrites of layer 4 neurons selectively elaborate in the associated TCA patch and retract their branches from outside the patch, to give rise to oriented dendritic trees (Woolsey and Van der Loos, 1970) .
All three of these steps are dependent on glutamatergic transmission. Both NMDA receptors and metabotropic glutamate receptor 5 (mGluR5) regulate barrel development (Iwasato et al., 2000; Hannan et al., 2001) . Cortex specific deletion of the NR1 subunit of NMDA receptors results in the complete absence of cellular segregation, rudimentary segregation of TCAs, an increase layer 4 dendritic complexity and spine density and exuberant TCA arbor elaboration outside layer 4 (Iwasato et al., 2000 , Datwani et al., 2002 , Lee et al., 2005 . Similarly, Hannan et al. (2001) reported that mice lacking either mGluR5 or its downstream target enzyme, phospholipase C-␤1 (PLC-␤1), exhibit a complete loss of cellular segregation despite partial or normal segregation of TCA patches, respectively. While a role for mGluR5 in dendritogenesis and spinogenesis has not been examined, several lines of evidence suggest such a role may exist. For example, in vitro stimulation of hippocampal neuronal cultures with group 1 mGluR agonist ( S)-3,5-dihydroxyphenylglycine (DHPG) has shown increased frequency of elongated spines (Vanderklish and Edelman, 2002) . Furthermore, Plc-␤1 null mutant mice show an overall decrease in the number of synapses per neuron in layers 2-4 and apical dendrites of layer 5 pyramidal neurons in these mutants show a decrease in the density of mushroom spines indicating a defect in spine maturation (Spires et al., 2005) .
This manuscript builds on previous findings that Mglur5 Ϫ/Ϫ mice exhibit abnormal morphological development of S1 (Hannan et al., 2001 ). We now demonstrate that this regulation of map development arises from the loss of mGluR5 postsynaptically, is dose-dependent and does not arise from a general retardation of cortical development. We also demonstrate a role for mGluR5 in later stages of neuronal development, namely in the regulation of spine density. Together these data further elucidate the cellular mechanisms by which glutamate regulates neuronal development.
Materials and Methods
Transgenic animals. Mglur5 mutant mice were obtained from Jackson Laboratories and bred from Mglur5 ϩ/ Ϫ heterozygous breeding pairs on a mixed C57BL/6JX129 background. The presence or absence of the Mglur5 Ϫ allele was determined by PCR using primers PGK22N (5Ј-AGG GGA GGA GTA GAA GGT GGC GCG A), F (5Ј-GCT CAC ATG CCA GGT GAC ATT ATT ATT GGA), and R (5Ј-CCA TGC TAG TTG TTG CAG AGT AAG CAA TCT GAG GT) (MWG). The WT and KO PCR products were run as two separate reactions using the PCR program: 95°C for 10 min, followed by 30 cycles of amplification where each cycle comprised of 5 s at 95°C, 55 s at 64°C, and 30 s at 72°C. The PCR products were WT (F/R) 445 bp and KO (F/PGK22N) of ϳ600 bp.
Tissue preparation for histology. All mice used for histology were given a lethal dose of sodium pentobarbital (Euthanol; 200 mg/kg, i.p.) and perfused transcardially with saline followed by 4% (w/v) paraformaldehyde in 0.1 M phosphate buffer (PB). The brains were removed, postfixed in 4% paraformaldehyde for at least 6 h and cryoprotected overnight in 30% (w/v) sucrose in PBS. Brains were sectioned either in the coronal plane or tangential to the pial surface on a freezing microtome at 48 m thickness unless otherwise specified. Two different flattening techniques were used depending on the aspect of cortical development being analyzed. For mGluR5 developmental expression profile, quantification of cellular segregation and Golgi analysis in layer 4, the cortices were separated and the thalamus, entorhinal cortex, hippocampus, and striatum were dissected leaving only the neocortical sheet. This procedure removes all connections that could distort the barrel pattern during flattening. For cortical and S1 measurements and positioning of posterior medial barrel subfield (PMBSF), the cortices were separated, thalamus (and part of the striatum) removed and cortex was gently pressed between two glass slides using capillary tubes as spacers. Tissue was flattened fixed in this position for at least 24 h before processing tissue as described above. This procedure keeps valuable landmarks intact for accurately determining the relative position of S1.
Histology and immunohistochemistry. For the mGluR5 developmental expression profile, brains were collected from P4, P7, P14, P21, and AD wild-type (WT) mice. Both coronal and tangential free-floating sections were reacted with anti-mGluR5 (1:10,000; Millipore). For cortical lamination measurements, coronal sections were stained with thionin acetate (0.5%) to demarcate the cortical layers. Adjacent sections were reacted with anti-calretinin (1:2000; Swant) to delineate the layer 4/5 boundary as reported previously (Watson et al., 2006) . Tangential sections used for S1 area measurements and positioning of PMBSF were reacted with anti-serotonin transporter (5-HTT) (1:2000; Calbiochem). For cell counts, tangential free floating sections were incubated in anti-5-HTT overnight and visualized using an AlexaFluor 568-conjugated goat anti-rabbit secondary antibody (1:200, Invitrogen) followed by incubation in Topro-3 (1:1000, Invitrogen) in 9:1 glycerol:PBS At all ages, mGluR5 is present throughout the cortex (B, E, H, K, N) with patches corresponding to whisker representations visible in tangential sections through layer 4 of S1 (C, F, I, L, O). Although staining in the cortex remains high throughout development, Western blot analysis of barrel cortex homogenates shows that peak expression occurs at P14 (P). In contrast, staining in the thalamus, including VpM (asterisks), shows an age-dependent decline in mGluR5 immunoreactivity with high levels from P4 to P14 but no detectable mGluR5 at P21. No immunostaining was visible in Mglur5 Ϫ/Ϫ animals, indicating that the staining is specific for mGluR5 (data not shown). Scale bars, 500 m. overnight. The sections were then mounted on Mowiol and coverslipped. For visualizing whisker-related patterns in the thalamus and brainstem (i.e., barreloids and barrelettes, respectively) cytochrome oxidase histochemistry was performed as described by Wong-Riley (1979) on 48 m coronal sections.
Measurements. All measurements were done blind to the genotype. Cortical thickness measurements were performed in coronal sections containing the anterior snout (AS) region and sections containing the PMBSF as reported previously (Barnett et al., 2006b; Watson et al., 2006) . All layer and area measurements were done using UTHSCSA Imagetool version 3.0 software (University of Texas Health Science Centre at San Antonio). Each image measurement was calibrated using a 1 mm graticule (Graticules). Results are presented as mean Ϯ SEM. All measurements were analyzed using an ANOVA.
Cell counts. Cell counts were performed blind to the genotype as previously described by Watson et al. (2006) and Barnett et al. (2006b) . Briefly, Topro-3-stained tangential sections through barrel C3 were imaged at 7 m intervals using a Leica confocal microscope. Morphometric analysis was performed on the optical slice containing optimal C3 segregation. Cell nuclei from barrel wall and hollow were counted to determine the ratio of cell density of the barrel wall to hollow for each 2.45 m optical slice. Results are presented as means of average densities Ϯ SEM and analyzed using a two-tailed t test.
Immunoelectron microscopy. Immunoelectron microscopy for the localization of mGluR5 was performed on layer 4 from P7 WT animal according to the methods in Watson et al. (2006) .
Golgi. Animals were perfused at P21-P23 as described above. Fixed tissue was sectioned tangentially at 80 m thickness on a vibratome. Sections were postfixed in 1% osmium tetroxide in 0.1 M PB for 30 min to 1 h, washed in 0.1 M PB, and those containing barrels were treated with 3.5% potassium dichromate overnight followed by an incubation in 1.5% aqueous silver nitrate for ϳ6 h. Sections were mounted and dehydrated in an ascending series of alcohol, followed by defatting in xylene, and coverslipped.
Dendritic complexity analysis and spine counts. All analysis was performed blind to the genotype. Neurons and dendrites were examined and traced using a Leica DMR microscope attached to a Neurolucida computer assisted tracing system (Microbrightfield). Layer 4 spiny neurons with cell bodies located at least 20 m below the surface of the section and with dendrites that could be clearly distinguished from neighboring cells were selected from the PMBSF for dendritic analysis. Dendrites were reconstructed in three dimensions under 100ϫ oil-immersion objective and dendrite parameters were calculated using NeuroExplorer software. Dendritic measures were only analyzed for neurons having 30% or more normal, tapered dendritic endings. For all dendritic spine analysis, only layer 4 spiny cells impregnated within the PMBSF area with a dendrite that could be traced along its entire length to its normal tapered ending were selected. The whole length of the dendrite was traced under 100ϫ oil-immersion objective (1000ϫ magnification) and different markers were used to denote the appearance of branch points and spines along the length of the dendrite to analyze the spine density profile (spines per 10 m). Only one dendrite was analyzed per cell, and three independent cells were analyzed for each animal. Statistical analysis was performed using an ANOVA with a post hoc Bonferroni test.
Biochemistry. For the mGluR5 developmental expression profile, WT mice were killed either by decapitation or cervical dislocation at P4, P7, P14, P21, and AD, and barrel cortex was dissected out and immediately frozen on dry ice to be stored at Ϫ70°C. Tissue preparation and Western blot analysis was performed according to the methods outlined in Watson et al. (2006) . To investigate the expression of synaptic markers in the mGluR5 mutant, P7 mGluR5 mice were killed, and synaptosome and postsynaptic density (PSD) preparation from neocortices were performed as described by Barnett et al. (2006b) . Western blotting was performed as mentioned above and membranes were probed with antibodies against mGluR5 (1:4000, Neuromics), NR2B (1:1000; BD Transduction Laboratories), PSD-95 (1:10,000; Upstate), SAP102
(1:1000; Santa Cruz Biotechnology), Synaptophysin (1:1000; Synaptic Systems), SynGAP (1:4000; Affinity Bioreagents), PKARII␤ (1:10,000; BD Transduction Laboratories), and PLC␤1 (1:8000; Santa Cruz Biotechnology). ␤-Actin (1:2500; Abcam) was used as the loading control. The probed membranes were visualized using fluorescently coupled appropriate secondary antibodies (1:10,000; Invitrogen) and imaged on the LiCOR Odyssey imaging system and densitometry was performed using NIH Image J gel analyzer software. The expression levels of each of these proteins of interest were normalized to that of ␤-actin and data are presented for Mglur5 ϩ/Ϫ and Mglur5 Ϫ/Ϫ mice normalized to mean Mglur5 ϩ/ϩ . Statistical analysis was performed using an ANOVA with a post hoc Fisher's LSD test.
Results
We have previously shown that Mglur5 null mutant mice show defects in barrel development (Hannan et al., 2001) . We hypothesized that these defects were due to aberrant postsynaptic signaling in layer 4 neurons. As a first step toward addressing this hypothesis, we examined the laminar expression profile of mGluR5 in the cortex throughout development by immunostaining for mGluR5. Staining was seen in all cortical layers at all ages tested (from P4 to adult) ( Fig. 1 A-O) . Furthermore, in tangential sections through layer 4, a barrel-like pattern was visible as early as P4 (Fig. 1C) and continued into adulthood (Fig. 1O) . Western blot analysis of mGluR5 staining also showed expression in cortical homogenates at all ages examined with levels peaking at P14 (Fig. 1 P) , correlating well with the peak time of synaptogenesis (White et al., 1997) and experience-dependent spine plasticity (Lendvai et al., 2000) . No staining was seen on sections from Mglur5 null mutants (data not shown) indicating that the immunoreactivity is specific for mGluR5. In contrast mGluR5 was expressed in ventroposterior medial (VpM) nucleus and other thalamic nuclei from P4 to P14 (Fig.  1 A, D ,G) after which it was reduced below the levels of detection (Fig. 1 J, M ) . Since Muñoz et al. (1999) did not examine mGluR5 expression in PrV before P9, we examined mGluR5 staining in this nucleus when barrelettes are forming. Indeed mGluR5 is heavily expressed throughout PrV at all stages of development examined (supplemental Fig. 3 , available at www. jneurosci.org as supplemental material).
Previous reports have indicated that mGluR5 expression is mainly postsynaptic in adult cortex (Romano et al., 2001 ). However, the presence of mGluR5 patches at P4 (after TCA segregation but before the cellular aggregates appear) and the transient expression of mGluR5 in VpM, raises the possibility that mGluR5 is transiently expressed in TCAs during barrel formation. Furthermore, a study using synaptosomes preparations indicated a presynaptic expression of a group 1 mGluR in cortex in juvenile (P21) mice (Rodríguez-Moreno et al., 1998) . To determine the subcellular localization of mGluR5, we performed immunoelectron microscopy on sections from P7 mice (Fig. 2) . At this age in layer 4, mGluR5 is heavily expressed in the PSD and dendrites. Biochemical analysis showed that mGluR5 is present in synaptosomes prepared from P7 neocortex and enriched in the PSD (Fig. 2 D) . We prepare our synaptosomes using a strong homogenization according to the methods of Dunkley et al. (1986) leaving a presynaptic terminal with only a PSD attached (i.e., no postsynaptic terminal) (Barnett et al., 2006b ). When combined with data from immunoelectron microscopy, these data strongly suggest the ϩ/ϩ (n ϭ 6) (A), Mglur5 ϩ/ Ϫ (n ϭ 9) (B), and Mglur5 Ϫ/Ϫ (n ϭ 9) (C) animals immunostained for 5-HTT to reveal thalamocortical afferents (TCA). The neocortex is outlined in A. TCA patch segregation appears to be normal in Mglur5 ϩ/ Ϫ (B). However, in Mglur5 Ϫ/Ϫ animals (C), 5-HTT staining is uniform in the anterior snout region (AS) indicating a lack of whisker-specific segregation. Although TCA patches are visible in PMBSF, their segregation appears reduced compared with Mglur5 ϩ/ϩ and Mglur5 ϩ/ Ϫ animals. The primary visual (V), auditory (A), and somatosensory cortex (remaining regions) are clearly visible indicating that mGluR5 does not regulate TCA path finding. Body weight (D), neocortical area (E), and area of S1, PMBSF and visual cortex (F , boundaries for these areas are shown in A and B) are comparable among all genotypes. Similarly, the relative rostral (R)/caudal (C) position of S1 within the neocortical sheet is unaltered in Mglur5 ϩ/ Ϫ and Mglur5 Ϫ/Ϫ mice (G, H ), indicating that the changes in pattern formation in mGluR5 mutant mice do not arise from a general delay in cortical development. Scale bar, 1 mm. wt ϭ Mglur5 ϩ/ϩ , het ϭ Mglur5 ϩ/ Ϫ , and ko ϭ Mglur5 Ϫ/Ϫ .
presence of mGluR5 within the PSD and indicate a postsynaptic mode of action for the protein in barrel formation. The presence of mGluR5 positive patches at P4 therefore likely reflects either an activity dependent expression of mGluR5 selectively in dendrites contacted by TCAs or the first indication of a selective elaboration of dendrites within the TCA patches. Hannan et al. (2001) reported that in Mglur5 Ϫ/Ϫ mice, there was a complete absence of cellular segregation and TCAs formed rows but not whisker-specific patches in layer 4 of S1. However, mGluR5 is expressed in the neocortex in newborn animals (Muñoz et al., 1999) raising the possibility that mGluR5 may be regulating early events of cortical development such as cell migration and cortical patterning. Furthermore, whether there was a dosedependent effect of mGluR5 was not examined. To address these issues, we first examined the levels of mGluR5 protein in heterozygous animals. Neocortical homogenates from P7 Mglur5 ϩ/ Ϫ mice showed a 50% reduction in mGluR5 protein levels compared with WT animals. No mGluR5 protein was detected in Mglur5 Ϫ/Ϫ animals (Fig. 2 D) . To determine whether the loss or reduction of mGluR5 affected general body and/or brain development (Fig. 3) , we next examined body weight (Fig. 3D ), neocortical area (Fig. 3E) , cortical thickness, and the relative thickness of layer 1-4 (supplemental Fig. 1 , available at www.jneurosci. org as supplemental material). No difference was seen in any parameter in Mglur5 ϩ/ Ϫ or Mglur5 Ϫ/Ϫ mice compared with WT animals. To determine whether mGluR5 regulates the tangential patterning of the cerebral cortex, we next examined the area of the neocortex, the size of S1, the size of PMBSF or PMBSFϩAS, the size of primary visual cortex (V1) (Fig. 3F ) , and the position of S1 within the cortical sheet in 5-HTT-stained flattened sections from WT, Mglur5 ϩ/ Ϫ , and Mglur5 Ϫ/Ϫ mice (Fig. 3) . No difference was seen in any of these parameters indicating that mGluR5 does not regulate the patterning or lamination of the neocortex.
No difference in the patterns of TCAs was observed between Mglur5 ϩ/ϩ and Mglur5 ϩ/ Ϫ mice indicating that a 50% reduction in mGluR5 protein levels does not alter TCA patterning. In contrast to our previous findings that TCAs formed stripes corresponding to whisker rows in Mglur5 Ϫ/Ϫ animals (Hannan et al., 2001) , we observed TCA patches in PMBSF of Ͼ20 Mglur5 Ϫ/Ϫ mice analyzed at P7 (Fig. 3C) . In all cases, these patches were not as clearly defined as those present in either Mglur5 ϩ/ϩ or Mglur5 ϩ/ Ϫ mice and no patches were visible in the AS region. We previously reported that the precise barrel phenotype in Mglur5 Ϫ/Ϫ mice is dependent on background strain. Therefore the variable expressivity of the TCA segregation phenotype may result from a shift in the relative percentage contribution of C57BL/6J and 129 backgrounds in our colony. The loss of cellular segregation despite the presence of whisker related patches is similar to the phenotype seen in other laboratories using the C57BL/6J inbred colony (Hannan et al., 2001 ) (H.-C. Lu, personal communication) suggesting that over the last 6 years of breeding we have inadvertently biased our colony toward one with a greater contribution of C57BL/6J. Regardless of the degree of TCA segregation, the variable expressivity does not alter our main conclusion that mGluR5 plays a key role in a multifactorial process that culminates in whisker-related pattern formation.
Since there appeared to be a change, albeit a minor one in the TCA phenotype in our mGluR5 colony, and to determine whether there was a dose dependent effect of mGluR5 expression on cortical segregation, we examined the cellular distribution of layer 4 neurons in Mglur5 Ϫ/Ϫ , Mglur5
, and Mglur5 ϩ/ϩ animals at P7. We also examined Mglur5 Ϫ/Ϫ mice at P14 and P21 to determine whether the loss of barrels at P7 reflected a delay in barrel development. As reported previously by Hannan et al. (2001) , Mglur5 Ϫ/Ϫ mice showed near complete loss of cellular segregation through layer 4 at P7 (Fig. 4C) . Segregation is so poor that although a hint of cellular segregation is visible, it is not clear in which region of S1 this occurs. Similarly near complete loss of segregation was visible at P14 or P21 (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material) indicating that the loss of mGluR5 prevents barrel development. In Mglur5 ϩ/ Ϫ mice, cellular segregation also appeared to be reduced in thionin-stained tangential sections relative to that seen in Mglur5 ϩ/ϩ animals ( Fig. 4 A, B) . To quantify the level of segregation, we double labeled flattened sections from P7 WT and Mglur5 ϩ/ Ϫ animals with Topro-3 to label all nuclei and 5-HTT to label TCA patches to identify barrel walls and hollows (Barnett et al., 2006b; Watson et al., 2006) . Mglur5 ϩ/ Ϫ mice showed a significantly reduced cellular segregation in layer 4 compared with Mglur5 ϩ/ϩ animals indicating a dose-dependent effect of mGluR5 in regulating S1 development (Fig. 4 D-G) . Measurement of the ratio of neuronal density in the barrel wall to barrel hollow showed a significant difference between Mglur5 ϩ/ϩ (1.79 Ϯ 0.02; n ϭ 5) and Mglur5 ϩ/ Ϫ (1.43 Ϯ 0.04; n ϭ 11) animals using a twotailed t test ( p ϭ 0.0001) (Fig. 4 H) .
We next examined whether mGluR5 regulates the elaboration of dendrites or spinogenesis in developing layer 4 neurons. We used Golgi staining to examine layer 4 neurons in tangential sections through S1 to quantify dendritic complexity in WT and mutant animals (Fig. 5) . Scholl analysis revealed no significant differences in the number of dendrite crossings with increasing distance from the cell soma as a function of genotype (Fig. 5G) . Similarly analysis of total dendritic length (Fig. 5H ) or number of bifurcations (Fig.  5I ) showed no significant differences between genotypes indicating that mGluR5 does not regulate dendritic elaboration and complexity. In contrast, analysis of spine density showed a significant reduction in the density of spines in both Mglur5 ϩ/ Ϫ and Mglur5 Ϫ/Ϫ mice compared with Mglur5 ϩ/ϩ mice ( Fig. 6 A-C ). This decrease in spine density occurred over the entire length of the dendrite for both Mglur5 ϩ/ Ϫ and Mglur5 Ϫ/Ϫ mice (Fig. 6 B) relative to Mglur5 ϩ/ϩ mice. In agreement with the decrease density of spines, we also observed a decrease in the level of many postsynaptic markers in neocortical homogenates for both Mglur5 ϩ/ Ϫ and Mglur5 Ϫ/Ϫ mice (Fig. 6 D) . NR2B, SAP-102, PSD-95, and synaptophysin were all significantly reduced in Mglur5 ϩ/ Ϫ and Mglur5 Ϫ/Ϫ mice compared with Mglur5 ϩ/ϩ controls. Levels of SynGAP, PLC-␤1, and PKARII␤ did not significantly differ from WT animals.
Finally, the loss of TCA segregation in the AS region of S1 and the high levels of mGluR5 in VpM and PrV during development led us to examine segregation of whisker-related patterns in the thalamus and brainstem, respectively. Clear barrelettes were visible throughout the principal trigeminal nucleus of the brainstem (PrV) of all Mglur5 ϩ/ϩ (n ϭ 2) and Mglur5 ϩ/ Ϫ (n ϭ 9) mice examined. In contrast, distorted barrelette patterns were visible in the AS region of all 8 Mglur5 Ϫ/Ϫ mice examined. A similar pattern was seen in VpM of the thalamus. Segregation of barreloids was clearly evident throughout VpM in all Mglur5 ϩ/ϩ (n ϭ 3) and in five of seven Mglur5 ϩ/ Ϫ mice. In the remaining two Mglur5 ϩ/ Ϫ mice, segregation was clearly evident in the region representing the main mystacial vibrissae and partial segregation was seen in the AS region. In Mglur5 Ϫ/Ϫ mice barreloid segregation appeared normal in the region representing the main mystacial vibrissae, but there was a near-complete loss of segregation in AS region in all five mice examined (Fig. 7) . These data indicate that the lack of segregation in the AS of S1 may reflect a loss of whisker-related patterns throughout the trigeminal pathway. 
Discussion
We have previously reported that mGluR5 signaling via PLC-␤1 regulates the development of whisker patterns within the S1 of mice (Hannan et al., 2001) . We now show that Mglur5 ϩ/ Ϫ mice also show a reduction in cellular segregation in layer 4 indicating a dose-dependent regulation of pattern formation. Mglur5
and Mglur5 ϩ/ Ϫ mice display normal cortical arealization, layer formation, and PMBSF area indicating no general defect in cortical development. Mglur5 Ϫ/Ϫ and Mglur5 ϩ/ Ϫ mice show a significant reduction in spine density but no defects in general dendritic complexity indicating a role for this protein in regulating synaptogenesis during cortical development. In support of this suggestion, we found a significant decrease in PSD components and synaptophysin suggesting a decrease in the density of synapses in neocortex. Finally, the pattern of the AS whiskers in the PrV, VpM, and S1 cortex was disrupted in Mglur5 Ϫ/Ϫ animals suggesting a role for mGluR5 in pattern formation throughout the trigeminal system of mice. Together these data indicate a key role for mGluR5 at both early and late stages of neuronal differentiation in the developing trigeminal system.
Heterogeneity of glutamatergic signaling for regulating pattern development in the trigeminal system
Glutamate neurotransmission regulates the development of whisker related patterns throughout the trigeminal system (Erzurumlu and Kind, 2001 ); however, the glutamate receptors and their downstream signaling pathways are highly heterogeneous both within and between brain regions. mGluR5 is expressed throughout the development of the trigeminal system (Muñoz et al., 1999) and Mglur5 mRNA is expressed in the S1 and VpM during pattern formation (Yamaguchi and Nakanishi, 1998) . Mglur5 Ϫ/Ϫ mice lack whiskerrelated patterns in the AS region throughout the trigeminal system but have relatively normal segregation in the region subserving the main mystacial vibrissae (although segregation of TCAs within PMBSF is reduced). Whether mGluR5 regulates axon segregation in the AS region of VpM and S1, or whether the lack of segregation simply reflects the loss of segregation in PrV awaits analysis of region-specific knock-outs. We previously showed that mGluR5 regulates phospholipid hydrolysis in developing cortical neurons through the activation of PLC-␤1 (Hannan et al., 2001) . However in contrast with Mglur5, Plc-␤1 is not expressed in thalamus (Watanabe et al., 1998 ) and mice lacking PLC-␤1 show normal TCA patch formation (Hannan et al., 2001 ) and normal barreloid and barrelette patterns (our unpublished data). These data indicate that mGluR5 uses different intracellular signaling pathways to mediate cellular and axonal segregation.
NMDA receptors also regulate pattern formation throughout the trigeminal system. Genetic ablation of NMDA receptors prevents whisker-related pattern formation in the brainstem (Li et al., 1994) , thalamus (Iwasato et al., 1997) , and cortex (Iwasato et al., 2000) , however the intracellular pathways downstream of NMDA receptors that regulate whisker-related pattern formation vary. For example SynGAP regulates barrel and barreloid formation but not barrelette formation (Barnett et al., 2006b) . PKA holoenzymes containing the RIIb-subunit, which tethers PKA to the NMDA receptor via AKAPs, regulate cellular segregation in layer 4 but not barreloid or barrelette formation (Watson et al., 2006 , Inan et al., 2006 . Furthermore PrkarII␤ Ϫ/Ϫ mice show poor TCA segregation in the AS region of S1 despite normal segregation in VpM (Watson et al., 2006) indicating a role for PKA in TCA segregation selectively in the AS region of cortex. These findings indicate that while glutamate receptors regulate similar cellular processes (i.e., axon segregation) throughout the trigeminal system, they do so using distinct intracellular pathways.
Role for mGluR5 in regulating spine density
Glutamate receptors have been shown to regulate spine shape and plasticity in numerous systems. Bear et al. (2004) proposed a role for mGluR5 in the misregulation of spine morphology and cognitive development seen in Fragile X syndrome (FXS). In support of this hypothesis, activation of group 1 mGluRs in hippocampal neuronal cultures caused an increase in the frequency of elongated, immature spines (Vanderklish and Edelman, 2002) , a phenotype that mimics that seen in patients with FXS in whom the FMR1 gene is transcriptionally silenced (Irwin et al., 2000) and Fmr1
Ϫ/Ϫ mice (Comery et al., 1997) . Dölen et al. (2007) recently showed that genetic reduction of mGluR5 signaling in Fmr1 Ϫ/Ϫ mice reversed several morphological, behavioral, and physiological consequences of FMRP deletion, including the alteration in spine density. However, while Dölen et al. (2007) found no change in the spine density of layer 3 neurons in V1 of Mglur5 ϩ/ Ϫ animals, we find a significant decrease in spine density in layer 4 neurons in S1 of both Mglur5 ϩ/ Ϫ and Mglur5
animals. These differences are likely due to the difference in cell type examined in the two studies. In support of this hypothesis, Dölen et al. (2007) did report an absence of ocular dominance plasticity to monocular deprivation in Mglur5 ϩ/ Ϫ animals, a result that would be consistent with altered synapse plasticity in layer 4 neurons. Furthermore our findings are still consistent with an interaction between mGluR5 and FMRP signaling pathways in the regulation of spine density.
H. Chang, E. Welker, and H.-C. Lu, unpublished observations). It was not possible to determine the cell type of our neurons since analysis was performed in tangential sections, however, given that spiny stellate and atypical pyramidal neurons form the predominant cell types in layer 4 of rats (Staiger et al., 2004) , it is likely that we are simply sampling from different neuronal types. These data indicate that mGluR5 plays distinct roles in regulating spine development in different classes of cortical neurons.
Synaptic activity and barrel formation
The relationship between neuronal activity, glutamate receptors and barrel formation remains unclear. While studies using transgenic mice clearly demonstrate a role for glutamate receptors in the patterning of the trigeminal system (Erzurumlu and Kind, 2001) , whether patterns of activity are needed to instruct barrel development is unknown. Several findings, however, indicate that while glutamate receptors are necessary for barrel formation, spontaneous release of glutamate may be sufficient to allow TCA segregation and cellular segregation in layer 4 (Van der Loos and Woolsey, 1973; Watson et al., 2006) . First cellular segregation in layer 4 still occurs around the fused TCAs that result following row C follicle ablation despite a complete loss of peripheral receptors ( Van der Loos and Woolsey, 1973) . Furthermore, while mice lacking the RII␤ subunit of PKA show decreased cellular segregation (Inan et al., 2006; Watson et al., 2006) , a loss of LTP at TCA synapses (Inan et al., 2006) and decreased AMPA receptor insertion into the PSD in S1 (Watson et al., 2006) , AMPA receptors do not appear to regulate barrel formation (Watson et al., 2006) . These data argue against a role for patterns of activity and synaptic plasticity as being key regulators of pattern development in layer 4 of S1. Instead the spontaneous release of glutamate from TCA bundles may be sufficient for cellular segregation, suggesting more of a neurotropic role for glutamate in the early anatomical development of barrels.
There is also confusion over the role of glutamate neurotransmission and patterns of activity in lesion-induced plasticity. Pharmacological blockade of NMDA receptor or TTX infusion does not alter TCA segregation (importantly, layer 4 cell segregation was not examined) (Fox et al., 1996) and genetic deletion of NR1 (Iwasato et al., 2000) , PKARIIb (Inan et al., 2006) , or cortical AC1 (Iwasato et al., 2008) does not prevent the fusion of TCAs following Row C-follicle ablation. Furthermore, the sensitive period for lesion-induced plasticity and barrel development can be dissociated, indicating distinct cellular mechanisms drive the two processes (Rebsam et al., 2005) . Together, these findings suggest that while glutamate neurotransmission is necessary for barrel formation, it is unlikely to mediate the large morphological changes seen following lesion-induced plasticity (but see Takasaki et al., 2008) . In contrast, patterns of activity are necessary to induce synaptic strengthening/weakening (Crair and Malenka, 1995) , spine maturation (Lendvai et al., 2000) , and physiological development and plasticity (Fox, 2002) .
Glutamate neurotransmission is essential for experiencedependent development and plasticity in sensory systems. However, it now appears there may be an earlier role for glutamate as a neurotropic agent at early stages of neuronal development that is independent of their classical role as mediators of synaptic plasticity (Van der Loos and Woolsey, 1973; Watson et al., 2006) . At these early stages when synapses are first forming, glutamate may be being used to relay position information from a set of incoming axons to set up cortical patterns. Furthermore, while glutamate receptors may be necessary for the refinement of dendritic trees or synapses, the emerging evidence from transgenic animals lacking these receptors or their downstream signaling enzymes indicates that the development of dendritic complexity and spine density is largely a glutamate-independent process (Figs. 5, 6) (Datwani et al., 2002; Inan et al., 2006) . Nonetheless, it is clear that the role that glutamate plays in the establishment of cortical connectivity and plasticity is crucial to normal cognitive development as the genes encoding several PSD proteins are mutated in various cognitive disorders (Tarpey et al., 2004; Grant et al., 2005) . Dissecting specific cellular processes regulated by different components of the PSD will be important for understanding the etiology of the diseases they underlie.
